Introduction {#Sec1}
============

Considering the rapidly increasing global population and diminishing water and land resources for supporting agricultural production, mankind faces challenges in food security and maintaining ecological sustainability^[@CR1]^. Cereal crops are vital sources for sustaining the nutritional/energy need of the global population^[@CR2]^. Particularly, maize (*Zea mays*) is one of the most important cereal crops for supporting the production of ethanol, livestock feed and others food products including starch and syrup^[@CR3]^. Consequentially, it is also one of the most commonly grown crops, accounting for 10% of global crop production in the period from 1996 to 2005^[@CR4]^. Therefore, enhancing maize productivity and resource use efficiency by developing and adopting appropriate managerial practices is important for maintaining global food supply and ecological resilience^[@CR2]^.

Water and nitrogen (N) have long been recognized as two major limiting input constraints for maize production^[@CR5]^. Water consumption of main cereal crops was expected to increase by 41% from 2000 to 2015 and given current crop water productivity (WP), there will be an increasing demand due to production and global warming^[@CR6]^. As a C~4~ plant, maize typically offers superior WP compared with C~3~ crops (e.g. alfalfa (*Medicago sativa*)  or wheat (*Triticum aestivum*)), however, it still consumes greater amount of water due to high biomass production and large evaporation losses during the growing season. Specifically, based on a review of 27 publications across 4 continents, Zwart and Bastiaanssen^[@CR7]^ summarized that global average WP for maize was 1.8 kg m^−3^ with great variability between 1.1 and 2.7 kg m^−3^. Likewise, the global average N application rate of maize was 80 kg ha^−1^ yr^−1^ from 1961 to 2010^[@CR8]^, and had resulted in an overall low N use efficiency (NUE, \< 33%);^[@CR5]^. While high water and N saving potentials have also been reported across many global maize production areas^[@CR9]^. Thus, there is a strong need for conducting quantitative analysis on actual and potential WP and NUE of maize to better understand crucial managerial practices that could affect its yield, WP, and NUE. In particular, presenting such a study across a wide scale to overcome complex interactions with the environment caused by spatial and temporal heterogeneities. Numerous studies have reported the diminishing contributory effects of either water or N on maize yield increase^[@CR9],[@CR10]^, however, the critical response thresholds (i.e. water and N) for productivity and major efficiency indices (i.e. WP and NUE) on a cropping system scale were rarely synthesized and remain poorly understood.

Additionally, temperature is extremely important in affecting maize grain yield and resource use efficiency^[@CR11],[@CR12]^. Temperature affects both the rate and duration of grain growth and influences the persistence and productivity of leaves. For example, maize under an average temperature of 21 °C had greater leaf area duration after silking than that under either 25 °C or 18 °C^[@CR13]^. Yield modelling using the scenarios of lowest (RCP2.6) to highest (RCP8.5) emissions indicate that maize will suffer greater yield reductions than wheat, rice (*Oryza sativa* L.), or soybean (*Glycine max* L.)^[@CR14]^ in response to global warming. The effects of temperature can also be confounded with other environmental/managerial factors (e.g. water stress, or radiation intensity). Tollenaar and Wu^[@CR15]^ reported that increased stress tolerance is associated with lower plant-to-plant variability and high-stress tolerance will probably provide the highest potential for yield improvement in maize. Therefore, advanced data analysis methods and factorization techniques are warranted to better understand the role of temperature in regulating the effect of water or N inputs on maize yield, WP, and NUE. To our knowledge, there have been limited attempts to characterize gaps of maize yield, WP, and NUE response to water, and N inputs, and their associated effects on aspects related to temperature.

In addition, based on a previous study using a meta-analysis approach, we identified large gaps between the actual and attainable yield, WP, and NUE on maize production^[@CR9]^. Here, we defined the "gap" as the difference between the observed yield, WP, or NUE (actual value) in a given year of a study, and the highest reported yield, WP, or NUE (attainable value) in a given year of a study^[@CR9],[@CR16]^. Therefore, this study aimed to: i) identify a series of important ecophysiological thresholds of water and/or N inputs on optimizing maize yield, WUE, and NUE; ii) summarize the actual and attainable yield, WP, and NUE in the main maize producing countries; and iii) assess the roles of environmental and management factors on affecting maize yield and resource use efficiency.

Results {#Sec2}
=======

Overview of maize yield, WP and NUE {#Sec3}
-----------------------------------

Figure [S1](#MOESM1){ref-type="media"} displays maize yield, WP, and NUE across the main maize production areas in the world. The overall mean yield (ranging from 4.6 to 12 t ha^−1^) was higher than that yield in most countries with exceptions of China (mean ± standard deviation, 8.8 ± 3.3 t ha^−1^, median = 8.6, n = 800), Croatia (9.6 ± 2.7 t ha^−1^, median = 10.3, n = 36), Spain (11.1 ± 1.6 t ha^−1^, median = 11.1, n = 4), and USA (11.1 ± 3.0 t ha^−1^, median = 11.8, n = 240) (Fig. [S2a](#MOESM1){ref-type="media"}). Water productivity ranged from 23 to 1077 kg  m^−3^ for all observations ([Fig. S2b](#MOESM1){ref-type="media"}). WP in China (1.9 ± 0.9 kg m^−3^, median = 1.8, n = 815), Croatia (1.8 ± 0.6 kg m^−3^, median = 1.8, n = 36), Turkey (3.5 ± 0.8 kg m^−3^, median = 3.9, n = 6), and USA (2.3 ± 0.8 kg m^−3^, median = 2.3, n = 243) were greater than the overall mean WP and all other countries. NUE varied widely ([Fig. S2c](#MOESM1){ref-type="media"}), NUE in Argentina (100.2 ± 51.3 kg kg^−1^, median = 91.5, n = 16), Brazil (71.9 ± 34 kg kg^−1^, median = 62.5, n = 9), Croatia (82.8 ± 26.6 kg kg^−1^, median = 68.2, n = 24), Nigeria (71.9 ± 11.4 kg kg^−1^, median = 71.5, n = 28), and USA (84.0 ± 61.7 kg kg^-1^, median = 68.2, n = 192) were relatively higher than the overall mean NUE.

Pooling data from all countries showed maize yield increased linearly with increasing water input, with 3% of the variation in yield explained when the total water input was less than 314 mm (*P* \< 0.001, Fig. [1a](#Fig1){ref-type="fig"}), however, further water input actually declined maize yield (*P* = 0.04) with 3% of the variation explained. WP decreased linearly with increasing water input with 73% of the variation in WP explained when the total water input was higher than 709 mm (*P* \< 0.001, Fig. [1b](#Fig1){ref-type="fig"}), otherwise, WP increased linearly with increasing water input, with 3% of the variation in WP explained (*P* \< 0.001). Conversely, NUE increased linearly with increasing water input, with 7% of the variation in NUE explained when the total water input was less than 311 mm (*P* \< 0.001, Fig. [1c](#Fig1){ref-type="fig"}), NUE declined linearly with increasing water input, with 1% of the variation in NUE explained.Figure 1Relationships between total water input and maize (**a**) yield, (**b**) water productivity (WP), and (**c**) nitrogen use efficiency (NUE), and relationships between total nitrogen input and (**d**) yield, (**e**) water productivity (WP), and f) nitrogen use efficiency (NUE). Data points were split into two parts according to a breakpoint. The breakpoint between the two lines of water input is 314.4, 708.9, and 311 mm for yield, WP, and NUE, respectively. The breakpoint between the two lines of nitrogen is 249.9, 127.5, and 196 kg ha^−1^ for yield, WP, and NUE, respectively. Linear regressions were made for the sub-datasets accordingly, using the ordinary least square method. Grey areas indicate 95% confidence intervals. Note the different scales among the graphs.

Maize yield increased linearly with increasing N input, with 12% of the variation in grain yield explained when the total N input was less than 250 kg ha^−1^ (*P* \< 0.001, Fig. [1d](#Fig1){ref-type="fig"}), and further N input had no effect on maize yield. Similarly, WP increased linearly with increasing N input with 6% of the variation in WP explained when the total N input was less than 128 kg ha^−1^ (*P* = 0.06, Fig. [1e](#Fig1){ref-type="fig"}), afterwards, WP had no response with increasing N input. Conversely, NUE declined linearly with increasing N input, with 17% of the variation in NUE explained when the total N input was less than 196 kg ha^−1^ (*P* \< 0.001, Fig. [1f](#Fig1){ref-type="fig"}), then NUE declined slightly with increasing N input and 35% of the variation in NUE explained (*P* \< 0.001).

The mixed-effects model suggested that maize yield was positively related to water or N inputs and (*P* \< 0.001, Table [1](#Tab1){ref-type="table"}). However, interactive effects (water × N inputs) had no effects on maize yield (*P* = 0.80). Also, planting density had a positive effect on maize yield (*P* \< 0.001). Mean annual temperature suggested negative effects on yield (*P* \< 0.001).Table 1Mixed-effects model of the effects of mean annual temperature (MAT), maize planting density (number of plants per hectare, PPH), initial soil organic carbon (SOC), and water (W) and nitrogen (N) input on yield, water productivity (WP) and N use efficiency (NUE).Dependent variableModel parameterValueStd. errordf*t*-value*p*-valueYield (t ha^−1^)α (intercept)4.221.459012.91**0.004**β~1~ (MAT)−0.250.0535−4.45**\<0.001**β~2~ (PPH)\<0.001\<0.0019013.81**\<0.001**β~3~(SOC)0.010.069010.100.92β~4~ (W)0.01\<0.0019016.62**\<0.001**β~5~ (N)0.010.0029015.10**\<0.001**β~5~ (W × N)\<0.001\<0.0019010.250.80WP (kg m^−3^)α (intercept)2.300.369136.38**\<0.001**β~1~ (MAT)−0.050.0136−4.04**\<0.001**β~2~ (PPH)\<0.001\<0.0019132.32**0.02**β~3~(SOC)−0.010.01913−0.940.35β~4~ (W)−1E-03\<0.001913−7.22**\<0.001**β~5~ (N)0.004\<0.0019138.77**\<0.001**β~5~ (W × N)−5E-06\<0.001913−5.18**\<0.001**NUE (kg kg^−1^)α (intercept)105.219.077035.51**\<0.001**β~1~ (MAT)−2.530.6735−3.77**\<0.001**β~2~ (PPH)\<0.001\<0.0017032.48**0.01**β~3~(SOC)−1.660.72703−2.31**0.02**β~4~ (W)0.050.017034.42**\<0.001**β~5~ (N)−0.240.03703−7.24**\<0.001**β~5~ (W × N)−1E-04\<0.001703−2.19**0.03**Bold signifies *p* \< 0.05.

Water productivity was negatively related to MAT and water inputs (*P* \< 0.001), and NUE was negatively related to MAT and N inputs (*P* \< 0.001). Both WP (*P* = 0.02) and NUE (*P* = 0.01) were positively related to PPH. The interaction of water and N inputs negatively affected both WP (*P* \< 0.001) and NUE (*P* = 0.03, Table [1](#Tab1){ref-type="table"}). Initial SOC was negatively related to NUE (*P* = 0.02) but not to WP (*P* = 0.35).

Input of water and N affects maize yield, WP and NUE {#Sec4}
----------------------------------------------------

*RR*~Y~, *RR*~WP~, and *RR*~NUE~ varied widely in Canada, Egypt, Iran, Niger, and Nigeria (Fig. [2](#Fig2){ref-type="fig"}). In contrast, *RR*~Y~, *RR*~WP~, and *RR*~NUE~ in Brazil, Croatia, Australia, and Turkey were relatively smaller than in other countries.Figure 2An overview of the response ratio of maize (**a**) yield (*RR*~Y~), (**b**) water productivity (*RR*~WP~), and (**c**) nitrogen use efficiency (*RR*~NUE~) over the main maize producing countries in the world. Response ratio stands for effect size between the treatment and control and is calculated using Eqs. [2](#Equ2){ref-type=""}--[4](#Equ4){ref-type=""}. The horizontal line and the red dot (with standard deviation) indicate the median and average values; the limits of the boxes represent the 25 and 75 percentile (lower and upper limit, respectively); and vertical bars represent the 5 and 95 percentile. Note the different scales among the graphs.

The importance of variables impacting *RR*~Y~, *RR*~WP~ and *RR*~NUE~ are displayed in Fig. [3](#Fig3){ref-type="fig"}. Water and N input were the most important factors affecting the gaps between achieved and attainable maize yield, WP, and NUE, and then followed by variables MAT, initial SOC, and soil texture. While PPH played a less important role in influencing *RR*~Y~, *RR*~WP~ and *RR*~NUE~.Figure 3Increase in mean square error (IncMSE%) of variables on impacting the response ratio of (**a**) yield (*RR*~Y~), (**b**) water productivity (*RR*~WP~) and (**c**) nitrogen use efficiency (*RR*~NUE~). Response ratio stands for effect size between the treatment and control and is calculated using Eqs. [2](#Equ2){ref-type=""}--[4](#Equ4){ref-type=""}. Higher IncMSE% means more important. Random forest analysis was used. Variables include initial soil organic carbon (SOC) concentration, mean annual temperature (MAT), total nitrogen input (Nitrogen), total water input (Water), soil texture, and maize planting density (number of plants per hectare, PPH). The out-of-bag error of a, b, and c were 24.1, 23.7 and 32.8%, respectively. Note the different scales among the graphs.

Considering the importance of MAT in affecting maize yield, WP, and NUE (Table [1](#Tab1){ref-type="table"}), and *RR*~Y~, *RR*~WP~ and *RR*~NUE~ (Fig. [3](#Fig3){ref-type="fig"}), the relationships between independent variables (i.e., water and N input) and dependent variables (i.e., *RR*~Y~, *RR*~WP~ and *RR*~NUE~, Figs. [4](#Fig4){ref-type="fig"}--[6](#Fig6){ref-type="fig"}) were determined based on sub-dataset grouped by MAT. For regions where the MAT is less than 15 °C, there was a positive relationship between *RR*~Y~ and water input when the total water input quantity was less than 700 mm (Fig. [4a](#Fig4){ref-type="fig"}). There were negative relationships between *RR*~Y~, *RR*~WP~ and *RR*~NUE~ and water input when MAT was higher than 15 °C (Figs. [4](#Fig4){ref-type="fig"}--[6c](#Fig6){ref-type="fig"}). However, some of these quadratic models indicated a poor-fitting to the entire data (R^2^ = 0.03--0.07).Figure 4Scatter plot of response ratio of yield (*RR*~Y~) to water input when mean annual temperature (MAT) is (**a**) \<8 °C, (**b**) 8--15 °C, or (**c**) \>15 °C; to nitrogen input when MAT is (**d**) \<8 °C, (**e**) 8--15 °C, or (**f**) \>15 °C. Response ratio stands for effect size between the treatment and control and is calculated using Eq. [2](#Equ2){ref-type=""}. The solid black line represents the weighted regression line based on variance-weighted least squares. The grey line shows the 95% CI around the regression line. The circles indicate the response ratio of each observation. The circle size is proportional to the precision of the response ratio. Note the different scales among the graphs.Figure 5Scatter plot of response ratio of water productivity (*RR*~WP~) to water input when mean annual temperature (MAT) is (**a**) \<8 °C, (**b**) 8--15 °C, or (**c**) \>15 °C; to nitrogen input when MAT is (**d**) \<8 °C, (**e**) 8--15 °C, or (**f**) \>15 °C. Response ratio stands for effect size between the treatment and control and is calculated using Eq. [3](#Equ3){ref-type=""}. The solid black line represents the weighted regression line based on variance-weighted least squares. The grey line shows the 95% CI around the regression line. The circles indicate the response ratio of each observation. The circle size is proportional to the precision of the response ratio. Note the different scales among the graphs.Figure 6Scatter plot of response ratio of nitrogen use efficiency (*RR*~NUE~) to water input when mean annual temperature (MAT) is (**a**) \<8 °C, (**b**) 8--15 °C, or (**c**) \>15 °C; to nitrogen input when MAT is (**d**) \<8 °C, (**e**) 8--15 °C, or (**f**) \>15 °C. Response ratio stands for effect size between the treatment and control and is calculated using Eq. [4](#Equ4){ref-type=""}. The solid black line represents the weighted regression line based on variance-weighted least squares. The grey line shows the 95% CI around the regression line. The circles indicate the response ratio of each observation. The circle size is proportional to the precision of the response ratio. Note the different scales among the graphs.

The *RR*~Y~, *RR*~WP~ and *RR*~NUE~ increased with total N input when the N application rate was less than 300 kg kg^−1^ (Figs. [4](#Fig4){ref-type="fig"}--[5d--f](#Fig5){ref-type="fig"}), with exception of NUE when MAT is less than 8 °C. Some of these quadratic equations explained a great amount of variation of the regressed data, and R^2^ ranged from 0.19 to 0.38.

The final SEM model highlighted the importance of management practices (i.e., water and nitrogen input, and PPH) and climate factor (MAT) on improving *RR*~Y~, *RR*~WP~, and *RR*~NUE~ (Fig. [7](#Fig7){ref-type="fig"}). However, water and nitrogen inputs had an opposite effect on *RR*~Y~ and *RR*~WP~/*RR*~NUE~, and *RR*~WP~ showed the highest positive effect on *RR*~Y~.Figure 7Structural equation model showing the direct and indirect effects of environmental and management conditions on the response ratio of yield (*RR*~Y~), water productivity (*RR*~WP~) and nitrogen use efficiency (*RR*~NUE~). Response ratio stands for effect size between the treatment and control and is calculated using Eqs. [2](#Equ2){ref-type=""}--[4](#Equ4){ref-type=""}. Numbers at arrows are standardized path coefficients. Numbers next to boxes indicate the variance explained by the model (R^2^). MAT, mean annual temperature; PPH, maize planting density (number of plants per hectare). Water, total water input; Nitrogen, total nitrogen inputs. *χ*^2^ = 0.21; GFI = 0.998, AIC = 246.9, RMSEA = 0.05. The quality of fitting was assessed using *χ*^2^-test, the goodness of fit (GIF) and root mean squared error of approximation (RMSEA) indices, and Akaike information criterion (AIC) values, see details at section.

Discussion {#Sec5}
==========

There are a number of mechanisms illustrating the application of water and/or N could affect plants growth^[@CR17],[@CR18]^. Crop NUE could be largely controlled by soil water availability by regulating several important processes in the N cycle and affecting N availability and plants uptake^[@CR10]^. Hence, a slight increase at the below-threshold water level leads to an increase in yield and NUE, and above-threshold input significantly decreased yield and NUE (Fig. [1a,c](#Fig1){ref-type="fig"}). This increase, however, did not increase WP in our study, possibly because water demand of maize typically ranged from 500 to 800 mm^[@CR19]^, the breakpoint of WP was 709 (Fig. [1b](#Fig1){ref-type="fig"}), and thus more water input is demanded to increase WP considering other water losses such as water evaporation and water runoff in the field. On the other hand, a reasonable supply of N can always enhance WP by promoting plant protein synthesis for supporting growth^[@CR7],[@CR20]^. Likewise, a below-threshold N input increased yield and WP, while above threshold N input significantly decreased yield and WP (Fig. [1d,e](#Fig1){ref-type="fig"}). However, regression results only explained 3--73% of the variations, thereby indicating that there exist other environmental or managerial factors or interactions that affect productivity and NUE^[@CR16],[@CR17]^. As indicated in this study, climate factor, e.g. MAT, probably play an important role in affecting maize production and resource use efficiency (Table [1](#Tab1){ref-type="table"}). It has long been known that agricultural production is vulnerable to climate change, especially the temperature impacts^[@CR14]^. Compiling extensive published results from global grid-based and local point-based models, statistical regressions, and field-warming experiments, Zhao, *et al*.^[@CR14]^ reported that the reduction of yield for each degree Celsius increase in global mean temperature is largest for maize, -7.4 ± 4.5% per degree Celsius.

Temperature can be a universal limiting factor for crop yield^[@CR21]^. Temperature increase, particularly night-time high temperature, most likely has negative impacts on cereal grain production^[@CR14],[@CR22]^. Our study indicates that there is a negative correlation between MAT and yield (Table [1](#Tab1){ref-type="table"}), and the lowest percentage change of yield took place when MAT was greater than 15 °C (Fig. [4a](#Fig4){ref-type="fig"}). Additionally, the increased water input decreased the *RR*~Y~ (Fig. [4c](#Fig4){ref-type="fig"}), *RR*~WP~ (Fig. [5c](#Fig5){ref-type="fig"}), and *RR*~NUE~ (Fig. [6c](#Fig6){ref-type="fig"}) when MAT was \>15 °C. Using boundary-function analysis, a study in the Argentine Pampas region, using data from 30 stations, found that the highest maize yield was observed at moderate MAT, 21.8--23.5 °C^[@CR23]^, which agrees with our findings. Maize is a typical C~4~ plant, however, high MAT leads to physiological stresses resulting in leaf curling, stomatal closure, reduction of CO~2~ assimilation rate, and shrinkage of the length of the growing cycle^[@CR24]^. High temperature, particularly night-time high temperature, could increase crop respiration costs while shortening the grain-fill duration^[@CR25]^. In addition, increased temperature enhances soil evaporation and thus water deficits^[@CR14],[@CR26]^, eventually decreasing maize yields. A study compiling extensive published results from field warming experiments showed that MAT (21--29 °C) negatively affected crop yield of wheat, rice, maize, and soybean at the global scale^[@CR14]^, and loss of yield due to the increase of MAT was the highest for maize. More importantly, we suspect that the MAT threshold might be 15 °C^[@CR9]^ for maize production. This number is lower than the threshold value identified by a previous study^[@CR11]^: 18 °C, which is the optimal temperature for phosphoenolpyruvate carboxylase, known as the primary enzyme in charge of carbon fixation processes in C~4~ photosynthetic pathway.

Additionally, despite research indicating that high-temperature stresses could be easily confounded with moisture stress^[@CR27]^, we found that the increased water input did reduce the gaps between actual and attainable yield in frigid areas (Fig. [4a](#Fig4){ref-type="fig"}) but not in thermic temperature areas (Fig. [4c](#Fig4){ref-type="fig"}). This is likely that MAP is generally higher, possibly with concurrently low elevation, in thermic temperature areas than that in frigid areas^[@CR28]^. In other words, water input from irrigation is the limiting factor of maize yield in low MAP areas instead of high MAP areas^[@CR29]^. Varietal changes can be made to assist to preserve the pre-flowering length^[@CR30]^ against the shortening effect of warming and compensate for the negative effects of changes in climate (i.e. temperature and radiation)^[@CR31]^.

The quadratic meta-regression results indicated that the threshold of efficiently using water and N input for global maize production was around 700 kg m^−3^ and 300 kg kg^−1^, respectively, in most cases (Figs. [4](#Fig4){ref-type="fig"}--[6](#Fig6){ref-type="fig"}). However, both inputs of water and N were much greater than the average values in most regions^[@CR9]^. These partly explain that the achieved yield, WP and NUE were significantly lower than the optimal values. While adjusting water or N input independently would only optimize productivity and NUE to a certain extent (Fig. [1](#Fig1){ref-type="fig"}). High input of either water or N may postpone the phenological development of maize^[@CR10]^ due to prolonged vegetative growth stage and delayed maturity. In contrast, treatments with a low irrigation level and reduced N dose could also result in significantly shortened vegetative growth stage and early maturity. Thus, disregarding the MAT subgroup, the responses of yield (Fig. [4b--f](#Fig4){ref-type="fig"}), WP (Fig. [5a--b,d--f](#Fig5){ref-type="fig"})), or NUE (Fig. [6a,b,e,f](#Fig6){ref-type="fig"}) to the input of water or N typically yield a quadratic relationship. Considering the increase in global mean temperature, our results are critical in assessing future climate impacts on global maize production using models or field-warming experiments. Hence, adaptation strategies, possibly combining earlier sowing dates and selection of longer-season maize cultivars, could be a general approach to optimize yield, and water and N utilization efficiency on a global scale.

Row spacing greatly affects yield per unit land area regardless of crop species^[@CR32],[@CR33]^. However, it is less important than other factors, such as water and N management, or climate conditions. Using a similar dataset, previous research has reported that the overall mean PPH was 6.9 ± 1.5 plants m^−2^ ^[@CR9]^, and Testa, *et al*.^[@CR32]^ suggested that planting density between 7.5 and 10.5 plants m^−2^ should be appropriate under irrigation and fertilizer conditions. Therefore, if PPH was managed properly in studies used in the current research, then future research should pay more attention to other factors to improve maize yield, and resource use efficiencies.

Due to data quality issues, criteria of data selection used in the current study does not include the interactions with other critical managerial practices, such as mulching and cover cropping practices. Also, many resource input and climatic data used in this study (i.e., nitrogen and/or water input, growing season temperatures) was not stratified according to production phase or developmental stages. Additionally, almost 50% studies used in this study were in China. Thus, interpretation should be made with caution. It is also noteworthy to mention that the Mainland China features a broad array of soil types and climate conditions, thus, the results can still provide a broader scope of interpretation.

Conclusions {#Sec6}
===========

Input of either water or N has a significantly positive impact on yield, WP, or NUE of maize. The current study quantified critical thresholds (input of water and N) and MAT impacting production and resource use efficiency for maize production. We found water input and *RR*~WP~ were more important than N input and *RR*~NUE~ in improving *RR*~Y~. Moreover, to achieve the highest yield by optimizing WP and NUE, a MAT value around 15 °C was observed. The results, threshold values (i.e., levels of water and N) and key drivers (i.e., MAT), will be helpful for large-scale modelling effort and improving water and/or N management strategies for maize production in the future. In the meantime, site-specific studies are warranted to verify results of the current study in the future.

Materials and methods {#Sec7}
=====================

Data collection {#Sec8}
---------------

This study used the dataset from our previously published meta-analysis^[@CR9]^ with identical data selection criteria and filtering methods. The final analysis was based on 1436 yield observations from 83 studies conducted in 15 countries ([Fig. S1](#MOESM1){ref-type="media"}). Afterwards, information related to soil property (soil texture, initial soil organic carbon concentration (SOC)), climatic conditions, mean annual precipitation (MAP), and mean annual temperature (MAT), and maize planting density (number of plants per hectare, PPH) were collated from each study. Particularly, the whole dataset was organized according to MAT \[frigid (\<8 °C), mesic (8--15 °C), or thermic (\>15 °C)\] MAT regimes^[@CR34]^.

Definitions and data analysis {#Sec9}
-----------------------------

Water productivity (WP, kg m^--3^) was calculated as grain yield (Y, kg ha^−1^) divided by the total amount of water (W, rainfall + irrigation, mm) input in crop production^[@CR20]^. Nitrogen use efficiency (kg kg^−1^) was calculated as: NUE = Y/N, where N is the total amount of N fertilizer applied (kg ha^−1^).

Estimating the mean effects of environmental or managerial factors {#Sec10}
------------------------------------------------------------------

The effects of water and N input, MAT, PPH, initial SOC and on maize yield, WP and NUE were assessed using a mixed-effect model via the R package "nlme^[@CR35]^", using soil texture as a random effect factor:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{Y}}={\rm{\alpha }}+{\beta }_{1}\times W+{\beta }_{2}\times N+{\beta }_{3}\times MAT+{\beta }_{4}\times PPH+{\beta }_{5}\times SOC+{\beta }_{6}\times W\times N+error$$\end{document}$$where Y is yield (t ha^−1^), *β*~1--6~ represent variable effects, W represents total water (rainfall + irrigation, mm) input, N represents the total fertilizer N input (kg ha^−1^), W × N indicates the interaction of water and N input, and error is the residual that was not explained by the independent variables. All independent variables are numeric. Similar analyses were also conducted for WP and NUE.

Additionally, linear regression was conducted to illustrate the effect of water and N input on yield, WP, and NUE. While yield, WP, and NUE were plotted as a function of water and N inputs and fit with a broken-stick linear regression model with a critical limiting value, which can be described with two straight lines that intersect at a threshold value^[@CR36]^ using the 'segmented' package^[@CR37]^. The broken-stick linear regression model was mainly used to identify threshold values at which the effects on response variables reverse as increasing water or N inputs; instead of identifying linear models.

Estimating the factors affecting yield, WP, and NUE {#Sec11}
---------------------------------------------------

Optimal water and N inputs were defined as 'the least input levels that produced the highest reported yield in a specific year of a study'^[@CR9],[@CR16]^. The effect size of below-optimal and above-optimal water and N inputs on yield was calculated using the natural logarithm of the response ratio (*RR*)^[@CR38]^:$$\documentclass[12pt]{minimal}
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Using 'randomForest' package^[@CR39]^, the importance of variables on *RR*~Y~, *RR*~WP~, and *RR*~NUE~ was estimated. This nonparametric method allowed for the consideration of all observations for assessing the relationship of predictors to the change in response to *RR*~Y~, *RR*~WP~, and *RR*~NUE~ and various environmental (initial soil organic carbon concentrations, soil texture, and MAT) and management (water and N inputs, and PPH) factors.

Using the 'metafor' package^[@CR40]^ with the restricted maximum likelihood (RMLE) and the Knapp and Hartung (KH) adjustment, a meta-regression analysis was performed to investigate the linear associations between the *RR*~Y~, *RR*~WP~, *RR*~NUE~ to water or nitrogen input.

Finally, structural equation model (SEM) was used to disentangle indirect and direct effects of climate (MAT), and management practices (water and N inputs, and PPH) on the *RR*~Y~, *RR*~WP~, and *RR*~NUE~ using the 'lavaan' package^[@CR41]^. All data were normalized (to ensure that the data fit a standard normal distribution with a mean of 0 and a standard deviation of 1), and an a priori regression analyses was established based on the known effects and relationships among the variables^[@CR42]^. Rather than multiple regressions, SEM can be used to model multiple causal and/or interactive interrelationships among variables, which results in multiple explanatory and/or response variables in one model^[@CR42]^. Data were fitted to the models using the maximum likelihood estimation method. The quality of fitting was assessed using the *χ*^2^-test, goodness of fit (GIF) index, and root mean squared error of approximation (RMSEA) indices. An accurate model should have no significant differences between the observed and simulated data evaluated using the χ^2^-test (*p* \> 0.05). Additionally, the model should also provide high GIF (\>0.9), low RMSEA (\<0.08), and low Akaike information criterion (AIC) values^[@CR43]^.
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